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Abstract 

Recent years have seen a steady rise in the 
incidence of cutaneous malignant melanoma 
worldwide. Although it is now appreciated 
that the key to understanding the process by 
which melanocytes are transformed into 
malignant melanoma lies in the interplay 
between genetic factors and the ultraviolet 
(UV) spectrum of sunlight, the nature of this 
relation has remained obscure. Recently, 
prospects for elucidating the molecular 
mechanisms underlying such 
gene-environment interactions have 
brightened considerably through the 
development of UV-responsive experimental 
animal models of melanoma. Genetically 
engineered mice and human skin xenografts 
constitute novel platforms upon which to 
build studies designed to elucidate the 
pathogenesis of UV-induced 
melanomagenesis. The future refinement of 
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these in vivo models should provide a wealth 
of information on the cellular and genetic 
targets of UV, the pathways responsible for 
the repair of UV-induced DNA damage, and 
the molecular interactions between 
melanocytes and other skin cells in response 
to UV. It is anticipated that exploitation of 
these model systems will contribute 
significantly toward the development of 
effective approaches to the prevention and 
treatment of melanoma. 

Oncogene (2003) 22, 3099-31 12. 
doi:10.1038/sj.onc.l206450 
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Clinical and epidemiological background 

It has been almost 200 years since Parisian 
physician Rene Laennac's first report of 
melanoma in Europe. It was in the 1812 
publication of his findings where the word 
'melanoma' was first used by Laennac to 
describe a disease that recently would exhibit a 
dramatic rise in appearance, with a persistent 
worldwide annual increase in incidence of 
3-7% per year in Caucasian populations with 
light-colored skin. In the United States alone 
studies show that the lifedme risk of 
developing malignant melanoma is 1 in 90 with 
a mortality rate of 1 in 400, and that the 
melanoma incidence rose 132% during the 
period 1979-1998 (Howe et ai. 2001; Jemal et 
uL, 2001). Statistics fi:'om a number of other 
countries have also demonstrated a rise in the 
incidence of melanoma (Armstrong and 
Kricker, 1994; Bennett and Hall, 1994; Parker 
etuL. 1997; Bardeesy t'/ a/., 2000; Marks, 
2000; Insinga et uL. 2001 ; Kaskel el uL. 2001 ). 

Melanoma arises from the malignant 
transformation of the pigment producing 
melanocytes, which are located and evenly 
distributed in the basal epidermal layer of 
human skin. Melanocytes represent the second 
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largest cell population in the epidermis at 
1-2%, greatly outnumbered by keratinocytes, 
which make up the largest group of cells at 
over 95% of the total epidermal cell population 
(Reedy a a/., 1998; Yaar and Gilchrcst. 200] ). 
Melanomas currently are classified 
histologically based upon their location and 
stage of progression. Malignant melanoma /// 
situ and microinvasive malignant melanoma 
are confined to the epidennis, consisting of 
solitary and variably sized nests of atypical 
melanocytes, and demonstrating a radial 
growth pattern. The more aggressive and 
potentially lethal invasive malignant melanoma 
is characterized by a vertical growth phase, 
penetrating both the upper layer of the 
epidermis and the underlying dermal layer, 
representing a condition with high potential for 
metastatic spread. Metastatic melanoma can 
colonize both nonvisceral organs, such as the 
skin and lymph node, as well as visceral sites, 
such as lung, liver, bone, brain and small 
intestine (Elder, 1987; Barnhill and Mihm, 
1993). 

As in most types of cancers, there are two 
factors that present significant risk for 
melanoma in humans: genetic predisposition 
and exposure to environmental factors. 
Individuals from families with a demonstrated 
history of melanoma are at significant risk for 
developing this malignancy, representing from 
5-12% of all reported cases (Haluska and 
Hodi, 1998; Goldstein and Tucker, 2001). As 
early as 1857, William Norris, a British general 
practitioner, published an article entitled 'Eight 
cases of Melanosis with Pathological and 
Therapeutical Remarks on that Disease' 
(Norris, 1857; Bennett and HalK 1994). Here 
he presented several novel insights into the 
genesis and treatment of melanoma and made 
the profound observation that a family history 
was associated with the disease as presented by 
some of his patients, thus leading him to 
conclude that melanoma probably had a 
familial component. Interestingly, in the same 
publication, Norris noted that the majority of 
his patients had light-colored hair and pale 
complexions. Norris' observation in 1857 has 
stood the test of time and epidemiological 
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studies in the 20th century have shown that 
constitutional factors such as skin color and 
genetic predisposition influence melanoma 
formation. Indeed, fair-skinned people who 
freckle or sunburn easily without tanning and 
have blond or red hair present a higher risk of 
developing melanoma than individuals with 
darker skin (Evans et ^//., 1988; Garbc ct aL^ 
1994; I.angley and Sober. 1997). It is now 
widely accepted that total risk of melanoma is 
determined through the interplay between such 
genetic factors and exposure to sunlight. For 
example, melanoma incidence in fair people is 
inversely related to latitude of residence with 
melanoma incidence peaking in Australia, a 
tropical and subtropical country with a majority 
of its population being fair skinned 
(Armstrong, 1988; dcGruijl, 1999; Marks, 

2000) . Moreover, it was recently reported that 
individuals living in Australia carrying 
inactivating mutations in CDKN2A, encoding 
the key melanoma suppressor gene pl6INK4a, 
were at the highest risk for melanoma (Bishop 
ct (//.,2002). 

The Australian physician VJ McGovem was 
probably the first to suggest that sunlight could 
be an agent with a potential role in melanoma 
formation. In 1952, in an article entitled 
'Melanoblastoma', McGovern ( 1 952) noted that 
The person predisposed to malignant 
transformation of a mole is the fair person with 
pale skin who does not tan well on exposure to 
light, but who freckles readily'. Later 
epidemiological studies have confirmed 
McGovem's observation, and it is now believed 
that the majority of all melanoma cases are 
caused, at least in part, by excessive exposure 
to sunlight (Armstrong and Kricker, 1995; 
Armstrong a/ aL, 1997; MacKie, 1998; Marks, 
2000; Rigel and Carucci, 2000; Jemal el al, 

2001) . Notably, in contrast to squamous call 
carcinoma, it appears that melanoma risk is not 
associated with cumulative, but rather with 
more intense, intermittent exposure to sunlight. 
For example, the greatest increases in incidence 
of melanomas have been seen in the regions of 
the body subjected to intermittent exposure, 
such as the torso in men and the lower legs in 
women. Indeed, it is likely that abrupt changes 



in sunlight exposure, such as experienced by 
people who travel recreationally to sunny 
locales in the middle of winter, is a causal 
factor in the increase in melanoma incidence 
observed in recent years. Epidemiological data 
have also suggested that a history of exposure 
to large doses of sunlight sufficient to cause 
sunburn in childhood is a particularly important 
melanoma risk factor (1 lolman el ai, 1983; 
Hlwood and Jopson, 1997; Aulicrand Dorc, 
1998; Whilcman ct a/., 2001). This review will 
focus primarily on sunlight and its ultraviolet 
(UV) radiation composition, how it damages 
skin, how the skin responds to that damage, 
and which current animal models best represent 
the sum total factors known to contribute to 
melanomagenesis in humans. 

Sunlight and the damage it causes 

Sunlight is a continuous spectrum of 
electromagnetic radiation that can be divided 
into three major regions of wavelength: the 
infrared, visible and UV. The region 
representing UV radiation, the most significant 
region of sunlight with respect to skin cancer, 
lies in the range of 200-400 nm, just above 
visible light at 400-700 nm. UV radiation can 
be further subdivided into UVA (320-400 nm), 
UVB (280-320 nm) and UVC (200-280 nm) 
wavebands. The UVC contribution to the 
development of skin cancers is considered 
negligible, since it is prevented from reaching 
the surface of the earth by the atmospheric 
ozone layer that blocks UV Hght below about 
300 nm. Unlike UVC, UVA and UVB both 
reach the earth's surface in large enough 
amounts to cause harmful biological effects on 
the skin. UVB is considered to represent the 
most carcinogenic waveband, inducing 
erythema, or sunburn, historically associated 
with skin cancer risk. Nucleic acids and 
proteins both absorb light within the UVB 
range, peaking at 260 and 280 nm, respectively. 
Absorption of UVB by DNA causes damage 
that, if not repaired, can become initiating 
mutations in skin cancer (Figure 1). UVB 
causes two types of DNA lesions: the 6-4 
photoproducts, generated between adjacent 
pyrimidine residues, and pyrimidine or 



cyclobutane dimers, formed specifically 
between adjacent thymine (T) or cytosine (C) 
residues. The pyrimidine dimers are formed 
between the C-4 and C-5 carbon atoms of any 
two adjacent pyrimidines; the double bonds 
become saturated, giving rise to a 
four-membered ring (Tornalctli and Pfeifer, 
19%; Malsumura and Ananthaswamy, 2002), 
The 6-4 photoproducts are formed between the 
5* six position and the 3' four position of two 
adjacent pyrimidines, most often between TC 
and CC residues. Both lesions are most 
abundant where there are a string of pyrimidine 
residues. Pyrimidine dimers are considered to 
be more carcinogenic than the 6-4 
photoproducts, forming almost three times as 
often and being repaired less efficiently 
(Rosenstein and Mitchell 1987; You et al., 
2001). Both types of lesions can lead to genetic 
mutations such as the C^T or CC^TT 
transitions; the latter mutation represents the 
hallmark of UV-induced mutagenesis. In 
addition to these signature transitions, UVB 
can cause C^A and G^T transversions and 
DNA strand breaks, but the significance of this 
type of UV damage in vivo remains largely 
unresolved (Rosenstein and Mitchell 1987; 
Linge, 1996; Cleaver and Crowley, 2002; 
Matsumura and Ananthaswamy, 2002). 

Although UVA is the predominant component 
of sunlight to which humans are exposed, its 
role in skin cancer, including melanoma, is not 
nearly as well documented as UVB and is 
currently controversial UVA exposure can also 
come from other sources such as sunlamps 
commonly used in tanning salons. Since UVA 
has longer wavelengths than UVB, it can 
penetrate deeper into the skin and, unlike UVB, 
pass through glass windows, A recent study 
demonstrated that summer clothing proved 
surprisingly ineffective as a barrier to UVA 
radiation, and that such clothing permitted a 
larger percent transmission of UVA than UVB 
(Kaidbey and Kligman, 1979; Bruls et ai, 
1984; Wang et aL, 2001a). These two 
components of sunlight also have different 
biological effects. While UVB has been shown 
to be a thousand times more effective at 
causing sunburn than UVA radiation, UVA 



proved to be much more effective at inducing 
immediate pigmentation darkening (IPD) and 
persistent pigment darkening (PPD) (Irwin a 
ill., 1993; Wang et ai. 2()()lb). Both IPD and 
PPD occur in dark-skinned individuals in 
response to UVA exposure, with IPD lasting a 
matter of minutes and PPD persisting for 
several hours postexposure. Since UVA is 
capable of penetrating deeper into skin exposed 
to sunlight, a higher percentage of UVA is 
capable of reaching melanocytes in human skin 
compared to UVB. Like UVB, UVA is able to 
mutate DNA. However, unlike UVB, 
UVA-mediated damage occurs indirectly 
through UV radiation absorption by non-DNA 
endogenous sensitizers, generating reactive 
oxygen species (ROS) (reviewed by Black el 
uL. 1997; Cadet 6^/ uL. 1997; 
Scharffetler-Kochanek ef al., 1997). The 
presence of such oxygen radicals can in turn 
lead to DNA damage, breaks and, ultimately, 
mutations. A particularly mutagenic species 
produced by UVA-induced oxidation of 
guanine is 8-hydroxyguanine (Amstad et ai, 
1994; Rungerev ciL, 1995). 

One of the most important questions yet to be 
resolved is whether the skin can be protected 
from the damaging effects of UV light by the 
presence of melanin. Melanoma occurs far less 
frequently in darker-pigmented individuals 
than in fair-skinned ones, with the differential 
being 10-foId in the United States. 
Furthermore, when dark-skinned individuals do 
develop melanoma, it is usually in a body part 
not frequently exposed to sunlight, such as the 
soles of the feet, palms of the hands, or nail 
beds. Melanin, a brown-black pigment, is 
synthesized in melanosomes within epidermal 
melanocytes, and then distributed to 
surrounding keratinocytes through melanocytic 
dendritic processes (reviewed by Hearing, 
1 999). Melanin can absorb UV photons and 
free radicals induced by UV before they 
interact with other cellular components 
(Kawada et aL. 1994; Khlgatian et aL. 2002; 
Ortonne, 2002). The highly organized 
presentation of melanosomes throughout the 
epidermis, characteristic of dark-colored skin, 
is reminiscent of a highly protective screen 
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designed to absorb and scatter damaging UV 
radiation. 

There are two types of melanin: eumelanin, the 
main type present in dark skin and hair, and 
pheomelanin, the main type in red hair and 
freckled individuals. Eumelanin synthesis in 
melanocytes is stimulated by the binding of 
..-melanocyte-stimulating hormone («-MSH) to 
the melanocortin-1 receptor (MCl-R), a 
G-protein-coupled cell surface receptor with 
seven transmembrane domains (Clihajlani and 
VVikbcrg, 1992; Mounljoy ci ai, 1992; Hunt a 
al.. 1995). The type of melanin produced in 
melanocytes is influenced by the status of 
MCl-R; loss-of-function mutations in MCl-R 
prevent eumelanin production and are 
associated with most of the red-haired 
phenotypes observed in the human population 
(Box ct ai. 1997; Smith et uL. 1998; 
Chakraboily ct ai. 1999; Healy ct al., 2()()(); 
SchalTcr and Bolognia, 2001; Taylor, 2()()2). In 
fact, the MCl-R helps regulate multiple 
melanocytic activites (see below), and 
nonfunctional MCl-Rs have been linked with 
enhanced sensitivity to the cytotoxic effects of 
UV as well as an increased incidence of 
melanoma (Valvcrde ct al, 1996; Palmer ct ai, 
2000; Kennedy ct ai, 2001 ; Scott ct ai, 2002). 

Repair of UV-induced DNA damage 

Cancer is one consequence of a cell's inability 
to repair DNA damage in an accurate and 
timely fashion. As previously described, UV 
radiation, especially UVB, is capable of 
introducing well-studied changes in DNA, 
which can be considered initiating events in 
oncogenesis. Initiation events may be 
inconsequential for a prolonged time period 
until other events, such as additional mutations 
or exposure to promoting agents, coax an 
aspiring cancer cell into a more progressive 
state, culminating in metastasis. Therefore, 
repairing the damage initially caused by 
sunlight becomes critical to preventing 
melanomagenesis and, indeed, skin cells are 
equipped with a variety of DNA repair 
pathways capable of removing DNA lesions 
depending on the type of UV-induced lesion. It 
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is worth noting that damage by UVA and UVB 
is repaired by different mechanisms (Cadet ei 
(iL, 1997; Hoeijmakers, 2001). While the 
oxidative lesions induced by UVA are repaired 
by base excision repair (BER), the bulky 
cyclobutane dimers and 6-4 photoproducts 
generated by UVB and most critical to 
carcinogenesis are removed by nucleotide 
excision repair (NER). NER has been 
extensively studied in bacteria, but studies in 
eucaryotes suggest that many similarities exist 
between the pathways in these two organisms. 
Two distinct subpathways of NER exist and 
can be selectively employed based on the type 
of DNA lesion and how rapidly it needs to be 
repaired. Transcription-coupled repair (TCR) 
rapidly repairs DNA regions that are 
transcriptionally active, while the global 
genome repair pathway (GGR) removes the 
bulky UV radiation-induced DNA lesions less 
quickly. These two subpathways differ from 
each other in the initial recognition steps: in 
TCR a stalled RNA polymerase II is the DNA 
damage signal for repair, while in GGR DNA 
damage recognition is through the protein 
complex XPC-hHR23B (reviewed by 
Hoeijmakers, 2001). 

XPC represents one of seven complementation 
groups (XPA to XPG) associated with the 
autosomal recessive disease Xeroderma 
pigmentosum (XP) that are required for NER, 
and XP patients harboring homozygous 
deletions in XP genes have UVB-associated 
repair and replication deficiencies (Cleaver and 
Crowley, 2002). These individuals are 
hypersensitive to UV, and are at a 1000-fold 
higher risk of developing skin cancer, including 
melanoma, providing perhaps the strongest 
evidence for a connection between UV 
radiation and melanomagenesis (Kraemer, 
1 994). A number of excellent reviews have 
recently been written on the role of XP gene 
products and NER repair mechanisms (i.e. 
Hoeijmakers, 2001; Cleaver and Crowley, 
2002; Matsumura and Ananthaswamy, 2002). 

Islas and Hanawalt (1995) have identified 
different, context-dependent repair rates within 
the MYC proto-oncogene. When pyrimidine 
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dimers were induced in the promyelocytic cell 
line HL60 by UV irradiation and then analysed 
1 8 h post-treatment, as many as 56% were 
removed in the MYC gene, which was being 
actively transcribed. In contrast, once the HL60 
cells were differentiated, and MYC was no 
longer transcriptionally active, only 15% of the 
pyrimidine dimers were removed. Tornalctli 
and PfeiflLT ( 1994) showed that not only were 
there large differences in UV damage repair 
rates between the two strands of the TP53 gene 
in human skin fibroblasts, but that within the 
TP53 gene specific regions were repaired at a 
more rapid rate than others. These data suggest 
that differential rate repair might contribute to 
the generation of mutation hot spots identified 
within this important tumor suppressor gene. 
Interestingly, while TP53 seems to be a 
significant target of UV-mediated mutagenesis 
in squamous cell carcinoma, basal cell 
carcinoma and actinic keratoses, with a 
majority demonstrating UV signature lesions 
(Nataraj ct aL, 1995), such mutations are very 
rare in melanoma. 

Cellular responses to UV radiation 

Eucaryotic cells have evolved highly intricate 
cellular responses to deal with the damage 
introduced by genotoxic agents such as UV 
radiation, so that mutations resulting from such 
damage are not fixed and perpetuated (see the 
reviews by Smith et al., 2000; Decraene et al., 
2001 ; Kulms and Schwarz, 2002). The 
production of pyrimidine dimers and 6-4 
photoadducts in cells by UVB radiation 
triggers classic DNA damage response 
pathways orchestrated by the tumor suppressor 
p53 (schematized in Figure 1). Cellular p53 is 
normally maintained at a low, steady-state 
level, but becomes rapidly stabilized upon 
exposure to genotoxic agents such as UV 
radiation or ^-irradiation. The cell then 
undergoes growth arrest designed to allow 
ample time to repair the damage to its genome. 
Re-entry into the cell cycle occurs only if DNA 
repair has been deemed successful; in the event 
of irreparable damage the cell can undergo 
apoptosis, avoiding the perpetuation of 
mutations in subsequent generations. 



UV damage responses, cell cycle arrest and 
DNA repair and apoptosis are regulated by the 
accumulation and stabilization of p53, and cells 
that are deficient in p53 are sensitive to UV 
exposure and defective in UV repair (see 
reviews by Smith et ai. 2000; Decraene ct al.. 
2001 ). Moreover, p53-/- mice are extremely 
sensitive to the induction of tumors by UV 
radiation (Jiang ct al., 1 999, 2001 ). This p53 
response can be observed and has been 
extensively studied in both keratinocytes and 
fibroblasts; fewer studies have been carried out 
on normal melanocytes, representing a 
significant deficiency in the field. p53 
induction in human skin can be observed in 
both the epidermis and dermis in response to 
UV exposure, and varies depending on the UV 
wavelength and dose. UVB exposure elicits an 
intense p53 response throughout the epidermis. 
In contrast, UVA induces a p53 response 
primarily in the basal layer of the epidermis, 
while UVC induces p53 only in the most 
superficial layers of the epidermis (Campbell ei 
uL, 1993). In this section, we discuss general 
cellular responses to UV radiafion, while 
attempting to focus on pathways most relevant 
to melanocytes and melanomagenesis (refer to 
Figure 1). 

UV-mediated cell cycle arrest and re-entry 

One of the first consequences of p53 induction 
in response to UV-generated DNA damage is 
Gl cell cycle arrest, mediated by the 
cyclin-dependent kinase (Cdk) inhibitor 
p2jwafl^ whose transcription is directly 
induced by p53. Cells deficient in p21^^^^ are 
unable to undergo growth arrest in response to 
DNA damage and become susceptible to 
apoptosis (see below). Normal Gl arrest is 
necessary to repair DNA damage before the 
cycling cell proceeds into S phase, and 
previous studies have illustrated that half of all 
pyrimidine dimer reductions take place in 
keratinocytes within the first few hours 
following UV treatment (Liu et ai, 1982; Jung, 
1986). UVB-induced Gl arrest has also been 
demonstrated in cultured human melanocytes 
and correlated with the prolonged expression of 



both p53 and p21^^^^ (Mcdrano ct uL. 1995). 



The ATM-Rad3-related protein ATR has been 
impHcated in cell cycle checkpoint control as 
well (Wright et ai, 1998), and in fibroblasts 
phosphorylates p53 in response to UV and 
other DNA damage (Tibbetts ct uL. 1 999). 
Recently, it was shown that ATR could 
preferentially bind to UV-damaged DNA with 
a resulting increase in its kinase activity, 
suggesting that ATR may act as an initial DNA 
damage sensor (Uiisal-Kacmaz et uL, 2002). 

Cells can also arrest in the G2 phase of the cell 
cycle, a regulatory mechanism involving a 
number of p53-dependent factors including 
14-3-3<T and the growth-arrest and DNA 
damage-inducible gene Gadd45a (Chan ct al.. 
1999; Hwang ct al, 1999; Anumdson ct ai. 
2000; Jin ct uL. 2000; Yang ct ai. 2000). 
Interestingly, Gadd45 can be upregulated by 
UV exposure in a p53-independent fashion 
through the transcriptional factors Oct-1 and 
NF-YA (Jin et al.. 2000; Takahashi et ai. 
2001). p53-independent 02 arrest in response 
to UV also involves a p38 kinase-mediated 
block in the activation of the mitotic Cdk 
complexes by cdc25 (Herzinger et al, 1995; 
Gabrielli et ai 1 997; Bulavin et uL. 2001 ; 
Pavey et ai. 2001). Recent studies making use 
of short-term, whole-organ skin cultures have 
confirmed that basal and suprabasal layer 
melanocytes and keratinocytes undergo G2 cell 
cycle arrest in response to suberythemal doses 
of UV radiation (Pavey et ai,, 2001 ). While this 
G2 arrest does not appear to involve p53, it is 
associated with increased expression of the cell 
cycle inhibitor pl61NK4a. 

A key question that has not been adequately 
addressed concerns the nature of the molecular 
mechanisms by which DNA-damaged cells 
abandon growth arrest and re-enter the cell 
cycle. Unique to cells that have sustained UV 
damage response is the 'pseudo growth 
response', not observed following exposure to 
other genotoxic agents such as y irradiation. 
This response involves dramatic transcriptional 
induction of immediate-early 
mitogen-regulated genes including c-fos and 



C'jun (Holbrook and l ornace, 1991; Karin, 
1995). Such a response would appear 
paradoxical in view of the fact that UV-treated 
cells undergo p53-driven cell cycle arrest, but 
reflects the ultimate necessity of reinitiating 
cell growth following successful damage 
repair. The rapid UV-mediated induction of 
c-jun, involving activation of JNK through 
MAPK signaling pathways, occurs through 
interactions with the cell membrane rather than 
a direct consequence of DNA damage. 
Recently, Shaulian ct al, (2()00) showed that 
c-jun promotes cell cycle re-entry in mouse 
fibroblasts by inhibiting the association of p53 

to the p21^^^^ promoter. Such studies suggest 
an important role for c-jun in releasing cells 
from Gl arrest after DNA repair is complete, 

thus preventing prolonged p21^^^^ cell cycle 
arrest that could trigger cellular senescence. 
Although it is not clear if this mechanism 
applies to mature melanocytes, which are much 
less prolific than fibroblasts, it may be more 
relevant in melanocyte progenitors, or 
melanoblasts, more commonly found in 
younger skin. It is known that the upregulation 
of «-MSH and MCIR in melanocytes by UV 
stimulates cAMP production, facilitating 
re-entry into the cell cycle as well as pigment 
production (reviewed by Suzuki et ai, 1999; 
see below). 

DNA repair pathways 

A number of genes transcriptionally activated 
by p53 also help regulate DNA repair pathways 
following UV damage (reviewed by Smith and 
Seo, 2002). Two of these effector genes, 
damaged DNA binding 2 (DDB2 (XPE)) and 
XPC, are XP genes involved in the recognition 
of DNA damage in the GGR subpathway of 
NER (Hwang et al.. 1 999; Amundson et al., 
2000, 2002; Adimoolam and Ford, 2002). 
Recently, the tumor suppressor BRCAl was 
reported to be required for p5 3 -dependent 
upregulation of DDB2 (Takimoto et ai. 2002). 
In addition to its role in activation of the G2/M 
checkpoint, p53-activated Gadd45a is also 
involved in chromatin relaxation and UV 
damage recognition (Cairier ct ai, 1999), and 
is required for normal NER function (Smith et 
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(iL, 2000; Hollander ct uL. 2001 ). Studies 
carried out on the endogenous copy of the 
dihydrofolate reductase (DHFR) gene in 
Li-Fraumeni fibroblasts, which are deficient in 
p53, demonstrated that the transcribed strand 
remained unaffected by the absence of p53, 
whereas repair of the nontranscribed strand was 
adversely affected (Ford and Hanawalt, 1995; 
Wang et ai. 1995). These data indicate that 
p53 plays an essential role in GGR, but not 
TCR. Wang and colleagues have also 
suggested that p53 may interact directly with 
and modulate TFIIH, a component of the NER 
machinery (Wang ct aL, 1995; Smith ci cii, 
2000). 

Resistance to UV-induced apoptosis 

Melanomas are notoriously chemoresistant, 
suggesting that information gleaned from 
in-depth studies of apoptotic pathways in 
melanocytes relative to other cell types may 
uncover clinically relevant information (e.g., 
see the review by Hersey and Zhang, 2001). 
Most cells that are subjected to irreparable 
harm and become too damaged to be 
propagated (i.e., as a consequence of high 
doses of UV radiation) undergo apoptosis 
(Decraene el uL, 2001 ; Kulms and Schwarz, 
2002). This is a process that is highly 
characteristic of keratinocytes, and less 
dramatic in melanocytes. As for other UV 
response pathways, apoptosis is by and large 
mediated by p53, and p53-deficient mice 
exhibit a decrease in epidermal apoptotic nuclei 
compared to wild-type mice after UV treatment 
(Ziegler et al., 1994). p53'mediated apoptosis 
is centered around transcriptional activation of 
Bax, a proapoptotic member of the Bcl-2 
family (Oltvai ct ai, 1993). The apoptotic 
action of Bax is inhibited by its dimerization 
with Bcl-2, so the ratio of Bcl-2 and Bax 
determines if a cell will be targeted for 
apoptosis. Bcl-2 is produced at high levels in 
melanocytes, which may help explain their 
relative resistance to apoptosis following 
extensive DNA damage (Klein-Parker et ai, 
1994; van den Oord ct al., 1994; Plettenberg ct 
al, 1995). In fact, both Bcl-2 and its regulator 
Microphthalmia-associated transcription factor 
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(Mitf) have been shown to be critical to 
melanocyte survival, as judged by the depletion 
of melanocytes in mice deficient in either of 
these genes (Lcrner ct al.. 1986; Nakayama cv 
(//., 1994; Kaniada t^/ aL, 1995; Yamamura el 
aL. 1996;McGilh7 ./A, 2002). 

The cellular decision on whether to undergo 
apoptosis or cell cycle arrest and repair may be 
influenced by the dose of UV to which cells are 

exposed. p53-driven induction of p21^^^^ was 
observed in mouse fibroblasts exposed to low 
UVB doses, but upon exposure to higher doses 

Bax and not p21^^^^ was induced, leading to 
apoptosis (F^^einkc and Lozano, 1997; Li and 
Ho, 1998). It is assumed that surviving mutant 
melanocytes serve to maintain the integrity of 
the skin's sole source of melanin, thereby 
ensuring uninterrupted protection against 
subsequent UV radiation (Gilchrest e{ al, 
1999). 

UV-induced melanogenesis 

Perhaps the most obvious effect of UV 
radiation on melanocytes is the stimulation of 
melanin production (Gilchrest and Eller, 1999). 
UV facilitates melanocyte differentiation 
through a number of pathways. UV induces the 
production of active .;.-MSH and its receptor, 
MCIR (Bolognia et aL, 1989; Chakraborly ef 
ai. 1995, 1996; Funasaka efal., 1998; Suzuki 
al, 1 999). It has been reported that MCIR 
stimulation induces adenylate cyclase, leading 
to cAMP production, protein kinase A (PKA) 
activation, Mitf upregulation, tyrosinase and 
TRPl upregulation, and ultimately enhanced 
melanin synthesis (Hearing and Tsukamoto, 
1991; Abdel-Malek el ai. 1995; Ao etal. 
1998; Busca and Ballotti. 2000). Recently, 
BRAF was shown to be an activational target 
of cAMP, linking MCIR with ERK signaHng 
(Busca et al, 2000), and MAPK was reported 
to phosphorylate and activate Microphthalmia 
(Hemesath et ai, 1998), a 
basic/helix-loop-helix/leucine zipper factor 
required for pigment cell development 
(Hodgkinson el al., 1993). These studies forge 
a potential link between BRAF activity and 
differentiation. The role of RAS/BRAF in 
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regulating vital melanocytic activities may be 
significant, particularly in light of the recent 
discovery that 66% of cultured and primary 
melanoma cells harbor activating BRAF 
mutations (Davies ci a!.. 2002). 

Interestingly, tyrosinase and TRPl, both 
critical factors in melanin synthesis, have also 
been implicated as downstream effectors of 
p53. Tyrosinase can be induced after UV 
radiation in a p53-dependent manner (Nylandcr 
CI ill.. 2000; Khlgalian e! aL. 2002), and 
tyrosinase activity is increased in G2-arrested 
melanoma cells, as is ^-MSH expression (Wong 
cl uL. 1974; McLane and Pawelek, 1988; 
Chakraborty ct ai. 1999). These results support 
a profound role for p53 in the response of 
melanocytes to UV damage, permitting cells to 
pause in the cell cycle to repair or die, yet 
simultaneously encouraging melanin synthesis 
and increased differentiation. The resulting 
enhancement in melanin synthesis may provide 
a further level of protection against UV damage 
(see reviews by Thody and Graham, 1998; 
Suzuki e/^//., 1999). ' 

UV-induced proliferation and the role of 
growth factor receptors 

It has been suggested that UV acts as an 
independent melanocyte mitogen (Libow ei ai, 
1 988), and in fact UV can directly activate cell 
surface growth factor receptors in a 
ligand-independent fashion, leading to 
clustering and internalization (Sachsenmaier et 
ai, 1994; Knebel et ai, 1996; Rosette and 
Karin, 1 996), A mechanism that has been 
proposed for this receptor activation is 
oxidative stress-mediated protein tyrosine 
phosphatase inhibition (Gross et ai. 1999). 
UV-activated growth factor receptors, 
including receptor tyrosine kinases (RTKs), 
appear to become fully functional as judged by 
the rapid stimulation of pathways such as 
RAS/RAF (Devary et ai. 1992; Radler-Pohl et 
ai. 1993), establishing the potential to evoke a 
proliferative response. As discussed above with 
respect to pigmentation, these pathways take on 
added significance considering that the 
majority of melanomas harbor either RAS or 
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BRAF mutations (Davics c( aL. 2002). UV 
activation of these same receptors could also 
trigger other tumor-promoting activities, such 
as survival through the PI3-kinase/AKT 
pathway (N4ildncr ci a/.. 1999; Wan el ai, 
2001; Xiao (^/ ai. 2001), 

It is worth noting that activation of MCI R by 
UV and/or ^-MSH can stimulate signaling 
through both the PKA and MAPK pathways, 
which could potentially induce melanocytic 
growth (Abdcl-Maiek et ai. 1995, 1999). 
However, there are conflicting data on the 
effect of <x-MSH on the growth of melanocytic 
cells, which may be relevant only to cells in 
culture (see the review by Thody, 1 999). 
Moreover, UVB is known to induce expression 
of the cell cycle inhibitor pl6INK4a (Pavcy et 
(iL, 2001 ), an effect that is potentiated by 
«-MSH (Pavey and GabrieHi, 2002). 

An exciting and largely unexplored area of 
research concerns the stimulation of 
melanocytes through UV-mediated 
upregulation of growth factors, such as 
endothelin-1 and bFGF, originating from 
nonmelanocyte cell types (Archambault et ai, 
1995; l^d&detuL, 1998). MCIR expression is 
known to be regulated by paracrine as well as 
autocrine factors that are induced in the 
epidermis in response to sun exposure (see the 
review by Abdel-Malek et al, 1999). These 
UV-mediated responses would estabhsh potent 
paracrine signaling loops in the skin, 
facilitating survival and growth of normal and 
perhaps damaged melanocytes. Although 
complex, it is anticipated that analysis of the 
mechanisms that drive the biological and 
physiological responses of normal melanocytes 
to UV radiation may elucidate how these cells 
undergo malignant transformation, and the risk 
factors associated with this process. As a case 
in point, Berking and Herlyn (2001 ) have 
shown that paracrine RTK stimulation 
established through forced overexpression of 
bFGF in dermal fibroblasts can induce 
melanomagenesis in human skin xenografts 
when combined with UV irradiation (see 
below). 



Melanoma models 

Sun exposure is widely regarded as the critical 
environmental risk factor for cutaneous 
malignant melanoma, which arises as a 
consequence of deleterious interactions 
between UV radiation and the melanocyte 
genome. Although great strides are being made 
in understanding the underlying genetic basis 
of melanoma (see other reviews in this issue), 
fundamental questions concerning UV 
radiation and the mechanisms by which it 
operates remain unresolved, compromising 
efforts to develop effective sun protection 
strategies and antimelanoma therapy. These 
circumstances have been fueled, at least in part, 
by the lack of a suitable genetically tractable, 
UV-dependent animal model for human 
melanoma. Although a number of animal 
melanoma models have now been described 
(Kusewitt and Ley, 1996; Chin et uL, 1998; 
Ley, 2002), the histopathological appearance 
and graded progression of the arising 
melanocytic malignancies have been, for the 
most part, distinct from human melanoma. In a 
subset of models, melanoma has been 
successfully induced by exposure to 
carcinogens; however, most studies employ the 
initiator DMBA, an agent of unknown 
environmental relevance with respect to human 
disease. The majority of described melanoma 
model systems have not demonstrated 
appropriate responsiveness to UV exposure. 
For example, the Syrian hamster, guinea-pig 
and Sinclair swine represent promising animal 
models for melanoma, but show no UV 
responsiveness and are not discussed further in 
this review. In this section, we review the 
UV-responsive animal models that have been 
generated, describe recent significant progress 
in the field, and discuss prospects for future 
advances. 

Xiphophorus hybrid fish 

One of the earliest animal models of melanoma 
was developed in the Central American 
freshwater fish Xiphophorus. Xiphophorus in 
the wild does not develop melanoma, but 
hybrid crosses generated by breeding different 
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species of the genus can be prone to both 
spontaneous as well as UV-induced melanoma 
(Anders et al.. 1984; Scharll et al. 1995). 
Extensive genetic analysis of melanoma 
response in Xiphophorus has revealed the 
presence of the Tu (Tumor) locus, consisting of 
a series of genes closely linked on the sex 
chromosomes. These allelic genes act as 
dominant oncogenes and are suppressed by a 
series of regulatory R genes that act to negate 
Tu-induced melanoma development. The R 
genes are fully functional when present in two 
copies and, depending on how many R genes 
are present in the hybrid Xiphophorus, the Tu 
genes may generate a range of phenotypes 
including black spotting, benign melanoma, 
and highly invasive melanoma (Anders ct ai, 
1984; Kusewitt and Ley, 199(); Bardccsy et aL, 
2000). The R genes appear to exert their 
suppressive function by altering the ability of 
melanocytes to differentiate. For example, the 
Diff (differentiation) R gene acts to promote 
the differentiation of melanoblasts, while the g 
(golden) R gene, when present in a 
homozygous state, acts to prevent the 
development of either normal or neoplastic 
dermal macromelanophores. Notably, a 
Xiphophorus homolog of human INK4a maps 
to the R locus (Nairn et ai, 1996; Kazianis et 
ciL, 1998), One of the Tu genes, Xmrk, has 
proven to be of particular interest. Xmrk 
encodes a membrane-bound receptor tyrosine 
kinase related to epidermal growth factor 
receptor (EGFR) (Wittbrodt et ciL, 1 989, 1992; 
Malitschek et al. 1995). All Xiphophorus 
species contain one copy of the Xmrk 
proto-oncogene, whereas the tumor-prone 
species carries an additional mutated copy that 
appears to be responsible for melanoma 
formation in hybrid Xiphophorus. Transfection 
of Xmrk into the NIH 3T3 cell line has proven 
to be highly oncogenic, and if the Xmrk gene is 
deleted, fish do not develop black spots and are 
not susceptible to melanoma (Kusewitt and 
Ley, 1996). 

Exposure of some Xiphophorus hybrids to UV 
radiation of wavelengths between 290 and 400 
nm markedly enhances melanomagenesis 
(Setlowe/^;/., 1989, 1993; Setlow and 
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Woodhcad, 1994). This Xiphophorus hybrid 
system, which is amenable to genetic 
manipulation and demonstrates full progression 
from black spots to metastatic disease, has 
provided a number of notable insights. 
Removal of UV-induced pyrimidine dimers by 
exposure to photoreactivating light greatly 
reduces tumor formation in Xiphophorus 
hybrids, implicating UV-induced DNA damage 
in melanomagenesis. Further studies by Setlow 
and colleagues using different UV wavebands 
have suggested a role for UVA radiation in the 
formation of melanoma in Xiphophorus 
(Setlow at uL. 1989; Kuscwitl and Ley, 1996). 
However, the Xiphophorus hybrid fish system 
is ultimately limited by its evolutionary 
distance from mammals. Tumors do not 
develop from typical melanocytes, and do not 
resemble human melanomas. 

South American Opossum 

Like the Xiphophorus hybrid fish, the South 
American Opossum Monodelphis domestica 
has also been used as a model for melanoma 
(Kusewitt and Ley, 1996; Bardeesy ei al, 
2000; Ley, 2002). Unlike the fish system, the 
genetics in this animal has been poorly defined. 
However, the opossum has been used 
extensively in photobiology studies because of 
the ease with which the repair of UV-induced 
pyrimidine dimers can be manipulated. This 
animal uses the photoreactivity pathway to 
repair these dimers (Applegate and Ley, 1987; 
Ley, 1987; Lty et uL. 1988). The photolyase 
enzyme recognizes and binds UV-induced 
pyrimidine dimers and then uses the absorbed 
energy of visible light to drive their 
monomerization. Exposure to 
photoreactivating light after DNA damage 
induced by suberythemal UV radiation can lead 
to the removal of 80-90% of pyrimidine 
dimers in the skin. These studies have been 
useful in assessing the role of UV-induced 
damage in skin tumors, erythema and edema, 
as well as in the disappearance of epidermal 
Langerhans cells. Melanoma in the opossum 
rarely occurs spontaneously, but can be 
induced by chronic exposure to suberythemal 
UV radiation, making it one of the very few 
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nontransgenic animals in which melanoma can 
be induced by UV alone. Contrary to the 
Xiphophorus model, exposure to UVA was 
only able to induce melanocytic hyperplasia in 
the opossum, rather than malignant melanoma 
(Ley, 2001). The South American Opossum is 
limited by its genetic obscurity, and the fact 
that the melanocytic tumors that arise are, 
unlike human melanoma, solely dermal in 
origin and metastasize infrequently. 

Genetically engineered mouse models 

The mouse currently represents the best 
available animal model for cutaneous 
malignant melanoma. The genetics of the 
mouse is well characterized and can be easily 
manipulated. Moreover, the murine immune 
system is fairly well understood, and numerous 
inbred and immunodeficient strains are 
available for experimental transplantation 
studies. Spontaneous melanomas are 
exceedingly rare in wild-type mice, but can be 
induced in some cases with DMBA and other 
agents. The resulting melanomas, which 
develop in the dermis and rarely metastasize, 
are thought to be derived from dermal 
melanocytes or melanocytes of the hair bulb, or 
possibly from a perifollicular melanocyte 
network. The incidence of chemically induced 
melanoma in mice can be enhanced by 
treatment with tumor-promoting agents such as 
croton oil. Studies dating back to 1963 have 
demonstrated that UV radiation could be used 
in combination with chemical treatment to 
induce melanoma in mice, but could not act as 
a complete carcinogen (Epstein et al, 1967; 
Romerdahl et al, 1989; Husain et al, 1991). 

The advent of genetic engineering and other 
recent technological advances have catapulted 
the mouse to the forefront of human cancer 
modeling. Currently, a number of 
melanoma-prone transgenic lines of mice have 
been described, providing critical insights into 
genetic mechanisms that predispose 
melanocytes to neoplastic transformation. 
These models (reviewed in greater detail 
elsewhere in this issue) incorporate singly or in 
combination: inactivation of ink4a/arf, p53 or 
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PTEN, and aberrant expression of activated 
H-Ras, Cdk4 and RTKs or their ligands, 
validating the role of a number of key pathways 
in melanomagenesis. Here we will focus on the 
UV-responsive mouse melanoma models. 

An early UV-responsive mouse melanoma 
model was described by Kclsall and Mini/ 
( 1 998)and was generated by expressing the 
SV40 early region (encoding both the large and 
small T antigens) under the direction of the 
melanocyte-specific tyrosinase promoter. The 
majority of the resulting lines of mice 
developed ocular melanoma. However, one 
low susceptibility line could be coaxed to 
develop cutaneous melanoma in approximately 
20% of treated animals through multiple 
rounds of neonatal exposure to UVB radiation. 
Notable as an early success in inducing 
cutaneous melanoma with UV radiation alone, 
this model suffers from the multifaceted effects 
of SV40 T antigens, limiting the ability to 
analyse relevant pathways. However, it was 
discovered that melanocytes derived from these 
transgenic mice acquired malignant properties 
after a single in vitro exposure to UVB 
radiation (Larue et ai, 1 992). In another series 
of studies, melanomas did not develop 
spontaneously in transgenic mice in which 

expression of H-RAS^^^^ was targeted to 
melanocytes using the tyrosinase promoter, but 
could be induced by DMBA and to a lesser 
extent by UV radiation (Broome Powell et uL, 
1999). hiterestingly, melanomas arising after 
such treatment were characterized by deletions 
on chromosome 4, leading to diminished 
expression of pl6ink4a, pl9arf and pl5ink4b 
(Cause et al, 1997). This mutational event is 
reminiscent of that occurring in human 
melanoma. 

A role for perturbation of RTK signaling in the 
development of melanoma has been long 
appreciated. The involvement of the EGFR-like 
Xmrk gene in melanoma development in 
Xiphophorus has already been alluded to (see 
above). RTKs also play a role in the complex 
cellular signaling circuitry critical to the 
development and function of mammalian 
melanocytes, making them a logical target in 



melanoma pathogenesis. Scotl et ul. ( 1 1 ) 
presented immunohistochemical evidence that 
inappropriate expression of both bFGF and 
FGFR can already be detected in dysplastic 
nevi, considered by many to be premalignant 
melanoma precursor lesions (Tucker ct al.^ 
1983; Landi et ai. 2002), and expression of 
antisense bFGF or FGFR has been shown to 
have anti-melanoma properties (Wang and 
Becker, 1997). Extensive analysis of human 
melanoma has implicated numerous RTKs in 
melanomagenesis, including the EGFR and 
hepatocyte growth factor/scatter factor 
(HGF/SF) receptor, c-MET (Albino, 1992; 
Shih and Hcrlyn, 1994; Halaban, 1996; Chin ct 
ai. 1 998; Bardeesy et ai. 2000), and the 
creation of autocrine loops through 
coexpression of both these receptors and their 
cognate ligands has come to be considered a 
hallmark of melanoma. Significantly, gains in 
copy number for regions of chromosome 7 
encoding both c-MET and EGFR occur in 
melanoma (Wiltshire et aL, 1 995; Bastian et 
uL, 1998). Several transgenic mouse studies 
have validated RTKs as melanoma oncogenes. 
Transgenic mice expressing an activated form 
of the RTK Ret by virtue of a mouse 
metallothionein promoter developed 
melanocytic tumors, which could be further 
induced to metastatic progression by exposure 
to intense UV radiation (Kato et al, 1998, 

2000) . Metallothionein-driven expression of 
HGF/SF, a multifunctional cytokine capable of 
stimulating a variety of cellular behaviors 
associated with tumorigenesis including 
growth, motility and invasiveness (reviewed by 
Jeffers et al, 1996; Comoglio and Boccaccio, 

2001) , also induced the appearance of 
cutaneous melanoma with metastatic potential 
in aged transgenic mice (Takayama et al, 
1997; Otsukaf?/ ^//., 1998). These mice, and 
indeed all mouse models that have been 
described, develop dermal melanomas with 
little histopathological resemblance to their 
human counterpart. However, a notable 
exception was uncovered through exposure of 
HGF/SF transgenic mouse to UV radiation. 

Melanocytes in HGF/SF transgenic mice are 
found in the epidermis, dermis and 



epidermal-dermal junction, distinct from 
wild-type mouse and more akin to human skin 
(Otsuka ct uL. 1 998; Noonan ct al, 2000). 
When adult mice of this transgenic line were 
subjected to chronic exposure of suberythemal 
doses of UV radiation, squamous cell tumors 
and fibrosarcomas were induced rather than 
melanoma (Noonan ct ciL, 2000). In a 
subsequent experiment, HGF/SF neonates were 
exposed to a single erythemal dose of UV 
radiation corresponding to less than 3 h of 
midsummer, midlatitude sunlight. In striking 
contrast to the chronic treatment of adults, this 
single neonatal treatment was found to be 
necessary and sufficient to induce melanoma in 
HGF/SF transgenic mice after a relatively short 
latent period and with a high incidence 
(Noonan ct ai, 2001 ). The addition of a second 
burning dose in young adults did not alter the 
latency or frequency of melanoma in these 
mice, but did significantly enhance the 
multiplicity, with most treated animals 
exhibiting more than one melanocytic lesion. 
These results, schematized in Figure 2, offer 
the first experimental support for previous 
epidemiological studies implicating childhood 
sunburn as a critical melanoma risk factor 
(Holman ct ai, 1983; Whiteman el oL. 2001), 
and suggest that additional exposures to 
burning doses of UV radiation may promote 
melanomagenesis. 

Unexpectedly, tumors that arose in the HGF/SF 
transgenic mouse as a consequence of 
erythemal neonatal UV radiation bore a 
remarkable histopathological resemblance to 
human melanoma, demonstrating staged 
progression from premalignant dysplastic foci, 
through radial and vertical growth phases, and 
culminating in the metastatic phenotype 
(Noonan ct ciL, 2001). Primary tumors 
frequently had epidermal involvement, or 
junctional activity, including the so-called 
pagetoid spreading. Moreover, similarities 
were noted at the molecular pathogenetic level, 
including acquisition of RTK autocrine 
signaling loops, lack of p53 mutations and loss 
of ink4a/arf (Recio et uL, 2002). The 
significance of the latter was confirmed by 
placing the HGF/SF transgene on an 



Ink4a/Arf-deficient background, significantly 
accelerating melanomagenesis following 
neonatal UV irradiation (Recio et ciL, 2002). 

Human skin xenograft models 

The genetically engineered mouse models 
currently available will undoubtedly provide 
tremendous insight into the contribution of UV 
radiation and genetics to melanoma, and to the 
underlying mechanisms by which they operate 
and interact. The wealth of genetic knowledge 
and the ease by which it can be manipulated 
make the mouse an excellent experimental 
model system. However, genetic alterations 
and environmental insults in mice do not 
always operate as in humans (see the review by 
Van Dyke and Jacks, 2002). To overcome these 
limitations, Herlyn and colleagues employed 
mice bearing human skin as subjects for UV 
carcinogenesis studies (Berking and Herlyn, 
2001 ). UVB treatment of immunodeficient 
mice engrafted with human newborn foreskin 
produced melanocytic hyperplasia and, in 
combination with DMBA initiation, 
infrequently induced nodular melanoma 
( Atillasoy et ciL, 1998). In subsequent 
experiments, similar xenografts of adult human 
skin failed to develop melanocytic lesions 
when treated with UV radiation with or without 
DMBA, instead spawning actinic keratoses 
( Berking et al, 2002). These data indicate that 
melanocytes from adult human skin are far less 
susceptible to melanomagenesis than those in 
newborn skin, a result that is in complete 
concordance with the aforementioned data 
obtained from UV-treated HGF/SF transgenic 
mice (Noonan et ai. 2000, 2001). It is likely 
that the susceptible cellular target specific to 
newborn skin is the melanocyte progenitor, 
which is present as a significantly higher 
proportion of the melanocytic population in 
young mice (Hirobe, 1984). 

Human foreskin grafts have also been used to 
determine the contribution of constitutive RTK 
signaling in UV-induced melanomagenesis. 
Human foreskin grafted onto SCID mice and 
infected with bFGF-expressing adenovirus 
developed skin hyperpigmentation and 



melanocyte hyperplasia within 3 weeks, but not 
melanoma. However, exposure of this 
bFGF-expressing human skin to UVB radiation 
resulted in the development of a lesion 
resembling the lentiginous form of malignant 
melanoma (Bcrking and Herlyn, 2001). Most 
recently, Herlyn and colleagues found that 
melanoma could be induced to appear in 
UVB-irradiated human foreskin with a higher 
incidence and a shorter latency through forced 
expression of multiple RTK growth factors (M 
Herlyn, personal communication). This model, 
again like the UV-treated HGF/SF transgenic 
mouse, lends support to the notion that 
disruption of RTK signaling pathways in 
conjunction with UV irradiation strongly 
promotes melanomagenesis. These emerging 
data suggest that transgenic and human skin 
xenograft models represent compelling, 
complementary approaches, the sum of which 
should provide significant advances in our 
understanding of pathogenesis and our ability 
to successfully treat melanoma. 

Concluding perspective 

This is an extremely exciting period for 
melanoma research. Seminal discoveries are 
being made continually and on a broad front, 
greatly enhancing our knowledge base at both 
the basic and clinical level. Some of this 
success can be attributed to recent advances in 
the development of UV-responsive animal 
models of cutaneous malignant melanoma. The 
genetic diversity provided by transgenic mice, 
and the relevance afforded by mice bearing 
human skin xenografts constitutes a powerful 
combination of experimental tools. The 
availability of these in vivo models takes on 
special significance in studies directed toward 
elucidating the mechanism by which genetic 
and environmental factors interact in 
melanomagenesis, and when employed as 
agents for preclinical trials. Melanoma 
researchers look eageriy toward the future with 
the hope and expectation that these recent 
advances will lead to successful strategies for 
the prevention, and more effective therapy for 
the treatment, of this rapidly escalating 
malignancy. 
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Figures 

Figure 1 Molecular and carcinogenic responses of 
melanocytes to UV radiation. Shown is a highly 
simplified schematic summary of proposed immediate 
and delayed responses of melanocytes to UV. Some 
pathways are inferred from reported data generated from 
keratinocytes or fibroblasts. More speculative 
L^V-associated pathways are dashed. Most cellular 
responses to UV radiation are the direct resuh of 
mcurred DNA damage, typically 6-4 photoproducts 
(6-4PP) and pyrimidine dimers (PD) generated from 
UVB (red ovals), and oxidative damage from UVA. 
DNA damage responses are mediated by p53, which can 
trigger transcription of numerous downstream genetic 
targets (green boxes). DNA repair genes are activated, 
including Gadd45a and several members of the XP gene 
family, stimulating NER or BER pathways. Proliferating 
melanocytes with damaged DNA can be growth arrested 
in Gl or G2 prior to repair. In most cases, DNA damage 
is readily repaired, restoring melanocytes to normalcy. In 
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nonmelanocytic skin cells, irreparable DNA damage 
triggers p5 3 -dependent apoptosis through Bax. However, 
because melanocytes produce abundant levels of the 
prosurvival factor BcI2, they may survive with excessive 
DNA damage, perpetuated as mutations in future 
generations (purple boxes). Melanocyte progenitors, a 
growing subpopulation more prevalent in younger skin, 
may be more susceptible to this outcome. It is likely that 
the resulting mutant melanocytes constitute the cellular 
pool from which melanoma eventually arises. UV also 
affects cell cycle arrest and apoptosis through pathways 
independent of DNA damage. Pigmentation represents a 
melanocyte-specific response to UV irradiation mediated 
through MCIR, normally stimulated by <.MSH. Major 
differentiation genes, such as those encoding tyrosinase 
and TRPl, are targets of p53 as well. UV can also 
directly activate cell surface growth factor receptors, 
including RTKs, thereby inducing a variety of critical 
pathways, including antiapoptotic signaling through Akt, 
and growth stimulation through MAPK. Notably, BRAF, 
mutated in the majority of human melanomas, may 
represent a key relay point for signals regulating both 
melanocyte growth and differentiation. See the text for 
detail 

Figure 2 UV-inducible melanomagenesis in the HGF/SF 
transgenic mouse. Dermal melanomas arise in untreated 
HGF/SF transgenic mice with a mean onset age of 
approximately 21 months, a latency that was not overtly 
altered in response to chronic adult suberythemal, or 
nonskin reddening, UV irradiation (UV doses from an 
FS40 sunlamp graded from 2.3 to 6.0 kJ/m^ three times 
weekly) (Noonan et al, 2000). In contrast, a single 
erythemal dose (9.6 kJ/m^) from the same sunlamp to 
3.5-day-old neonatal HGF/SF transgenic mice induced 
cutaneous melanoma with significantly reduced latency 
(Noonan et al., 2001). Moreover, the UV-induced 
murine melanomas frequently resembled their human 
counterpart with respect to histopathological appearance 
and graded progression. Exposure of HGF/SF transgenic 
neonates to a second erythemal dose of UV irradiation 
did not accelerate melanomagenesis; however, the dual 
exposure did significantly increase the number of 
melanocytic lesions arising per mouse (Noonan et al 
2001) 
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